ABSTRACT: Atmospheric aerosols can undergo phase transitions including liquid−liquid phase separation (LLPS) while responding to changes in the ambient relative humidity (RH). Here, we report results of chemical imaging experiments using environmental scanning electron microscopy (ESEM) and scanning transmission X-ray microscopy (STXM) to investigate the LLPS of micrometer-sized particles undergoing a full hydration-dehydration cycle. Internally mixed particles composed of ammonium sulfate (AS) and either: limonene secondary organic carbon (LSOC), α, 4-dihydroxy-3-methoxybenzeneaceticacid (HMMA), or polyethylene glycol (PEG-400) were studied. Events of LLPS were observed for all samples with both techniques. Chemical imaging with STXM showed that both LSOC/AS and HMMA/AS particles were never homogeneously mixed for all measured RH's above the deliquescence point and that the majority of the organic component was located in the outer phase. The outer phase composition was estimated as 65:35 organic: inorganic in LSOC/AS and as 50:50 organic: inorganic for HMMA/AS. PEG-400/AS particles showed fully homogeneous mixtures at high RH and phase separated below 89−92% RH with an estimated 70:30% organic to inorganic mix in the outer phase. These two chemical imaging techniques are well suited for in situ analysis of the hygroscopic behavior, phase separation, and surface composition of collected ambient aerosol particles.
INTRODUCTION
Atmospheric particles containing both organic and inorganic components can undergo phase transitions such as deliquescence, efflorescence, and liquid−liquid phase separation (LLPS) responding to changes in the ambient relative humidity (RH). 1−3 Particles will have two separate phases when at least some fraction of the organic compounds are not miscible with the aqueous inorganic solution. 4 These phase separated particles can have either a core−shell or a partially engulfed morphology. 5, 6 Particles with core−shell morphology with an organic shell can have suppressed water uptake and chemical reactivity with the aqueous core compared to partially engulfed particles which have the aqeuous inorganic phase in contact with the air. 7, 8 Obtaining information on the morphology and the composition of the two phases is important for predictive understanding of aerosol effects on atmospheric environment and climate because they influence the gas/particle partitioning of semivolatile organic compounds, 9 rates of heterogeneous chemistry, 2 and the kinetics of water uptake. 10 Recent work has been done analyzing LLPS in a variety of model systems. The dependence of LLPS on the oxygen to carbon ratios (O/C) of the organics 11 as well as the organic to inorganic ratio and the type of inorganic 12, 13 indicated that LLPS events are common in mixed organic/inorganic aerosols in the troposphere. Using optical microscopy and/or Raman spectroscopy of relatively large particles (>10 um), both core− shell and partially engulfed morphologies have been observed. 2, 5, 14, 15 In these studies, the outer coating was always the organic phase except when a hydrophilic substrate was used. 16 Recent work on these large particles has also demonstrated that LLPS can drive black carbon into the outer (organic) phase with potential impacts on the absorption enhancement of black carbon for particles containing all three components. 17 Experiments using cryo-TEM on dried organic/ ammonium sulfate particles have demonstrated a size dependence for phase separations. Veghte et al. found partially engulfed morphologies for particles larger than ∼100−300 nm and homogeneous particles below this size cutoff. 18, 19 A partially engulfed structure with inorganic on the outside was also observed for submicrometer particles of mixed adipic acid and ammonium sulfate. 20 The resolution limits of optical microscopy and micro Raman spectroscopy preclude direct analysis of the phase behavior, morphology, and composition of impacted particles with diameters of approximately one micrometer and less, which is the size range of a majority of the particles in the atmosphere. Environmental scanning electron microscopy (ESEM) and scanning transmission X-ray microscopy with near edge X-ray absorption fine structure spectroscopy (STXM/NEXAFS) are spectromicroscopic techniques that provide images and chemical information on impacted aerosol particles at the nm and 100s of nm scale, respectively. 21−23 Here, we show that ESEM and STXM/NEXAFS, coupled with an RH controlled in situ cell, can be used to measure LLPS in particles with diameter ≅1 μm and less at high spatial resolution. With ESEM, deliquescence and efflorescence phase transitions are readily observed and LLPS can be observed in particles at lower RH when the difference in electron transparencies between the two phases is sufficiently high. Complementary analysis with chemical imaging by STXM/NEXAFS can spatially resolve the organic and inorganic components revealing the potential presence of separate phases even at high RH. These techniques provide information on the composition and morphology of phase separated particles and are well suited for the analysis of LLPS in particles collected directly from the atmosphere.
EXPERIMENTAL SECTION
The detailed experimental procedure is provided in the Supporting Information. Briefly, particles were generated from mixed aqueous solutions of limonene secondary organic carbon (LSOC); α, 4-dihydroxy-3-methoxybenzeneaceticacid (HMMA); and polyethylene glycol 400 (PEG-400) with ammonium sulfate (AS) at different mass ratios listed in Table 1 . LSOC was generated by dry ozonolysis of D-limonene in a Teflon chamber. 24 All materials were purchased from Sigma-Aldrich with >98% purities. Particles were nebulized from solutions, passed through a diffusion dryer, and collected onto prearranged substrates on the seventh stage (D 50 = 0.56 μm) of a Multi-Orifice Uniform Deposition Impactor (MOUDI; model 110-R, MSP, Inc.). Samples were collected onto grid-supported carbon-filmed grids (Copper 400 mesh grids coated with Carbon Type-B films, Ted Pella, Inc.) and silicon nitride windows (100 nm thickness SiN x windows, Silson Ltd.). Sample loading on the substrates was kept low to decrease the amount of particles that ended up coalescing as they grew in size with increasing RH. The detector used for the ESEM imaging was a scanning transmission electron detector. 21 ESEM experiments were done at 275−278 K and STXM/ NEXAFS at 300 K. The uncertainty in RH measurements for the ESEM and STXM/NEXAFS experiments is ±2% RH. The in situ cell used for RH control in the STXM/NEXAFS experiments is described in detail in Kelly et al. 25 For all experiments, the RH was raised past the deliquescence point and images were collected during the descent in RH upon drying (or dehydration). The RH values of the observed phase transitions were measured with ESEM. STXM/NEXAFS experiments were subsequently done on the same particle types at RH values above (for deliquescence) and below (for LLPS and efflorescence) the measured transition RH values to further investigate the composition of the phases and the morphology of the particles. For both techniques, beam damage was minimized by using fast scans and selecting new particles for each image/data set.
For the STXM/NEXAFS experiments pixels were 40 nm. Pixels within detected particles were assigned an intensity value (I), particle-free pixels were assigned a background intensity value (I 0 ), and the optical density (OD) of impacted particles at varying RH values was calculated via the equation:
where μ is the mass absorption coefficient (cm 2 /g), ρ is the density (g/cm 3 ), and t is the thickness of the particle (cm). Data was collected at the carbon K-edge and the thicknesses of the inorganic (t in ) and organic components (t org ) were calculated using the OD at the pre-edge (278 eV) and post edge (320 eV): 
The mass absorption coefficients for both inorganic and organic components were calculated using the chemical composition of the components (Supporting Information  Table S1 ). 26 For the aqueous systems, the density of water (1.0 g/cm 3 ) was used for both the inorganic and the organic components of particles. For the effloresced particles, densities of 1.3 g/cm 3 (LSOC), 1.44 g/cm 3 (HMMA), and 1.77 g/cm 3 (AS) were used. Radial scans were used to calculate the average OD at 278 and 320 eV as a function of the distance from the center of the particle. These average OD values were separated into ten bins for each particle and the thickness of the organic and inorganic components in each bin was calculated using eqs 2 and 3. The thickness here refers to the total height of the organic and inorganic components in each bin. Figure 1 shows typical ESEM images taken at decreasing RH from ∼96% to ∼1% for organic/ammonium sulfate particles. Figure 1 (a−c) shows LSOC/AS 8:1 organic to inorganic mass ratio (OIR), (d−f) shows HMMA/AS 1:1 OIR, and (g−i) shows PEG-400/AS 8:1 OIR. Darker regions are characteristic of areas with higher atomic number elements and/or a thicker sample region. 21 Particles that are not perfectly circular ( Figure  1b and 1i) are likely two particles that were impacted near enough together to coalesce as the particles grew at high RH. The first column shows particles above their deliquescence relative humidity (DRH). The deliquesced particles in Figure  1a (LSOC/AS 8:1 OIR) have a weak radial gradient compared to the more smooth, uniform particles in Figure 1d and 1g. This gradient could result from either incomplete mixing or a slightly different morphology. The far right column shows particles below the efflorescence relative humidity (ERH) of the AS. All of the particles have a smooth outer organic ring surrounding a darker inorganic center with sharp edges. In both the HMMA/AS and PEG/AS samples, the organic appears to completely fill in regions around the crystalline ammonium sulfate center (Figure 1f and 1i) . In contrast, the particles in the LSOC/AS sample (Figure 1c ) appear to have some brighter white regions which may be "holes" containing little ammonium sulfate or organic matter. These differences are likely caused by different morphologies due to the evaporation process.
RESULTS AND DISCUSSION

Environmental Scanning Electron Microscopy.
At RH values near the separation RH (SRH) the particles show two separate liquid phases, a darker inner phase and a lighter outer phase (Figure 1b , e, and h). The green and blue arrows highlight these two phases. For LSOC/AS 8:1 OIR and PEG-400/AS 8:1 OIR the transition between the inorganic inner phase and organic outer phase is unambiguous. In contrast, HMMA/AS 1:1 OIR has a less apparent radial gradient from the center out to the edge of the particles. Part of the decreased contrast for the HMMA/AS particles is due to the fact that the organic fraction is lower in those particles (1:1) than in the LSOC/AS and PEG-400/AS samples (both 8:1 OIR).
The O/C values of the organics (HMMA 0.63, LSOC ∼0.4, 24 and PEG-400−0.55) all lie within the range (O/C < 0.8) reported for organic compounds that can form two liquid phases with ammonium sulfate. 11, 12 The observed deliquescence, efflorescence, and LLPS RH's for all samples from ESEM experiments are listed in Table 1 . The LLPS observed for PEG-400 is consistent with results for larger particles (greater than 20 μm) of the same OIR which also showed LLPS at RH ≈ 88.7%, and with bulk measurements. 4, 14 The results for the HMMA/AS 1:1 particle are also consistent with previous optical measurements showing LLPS at 81.3 ± 2.5%.
12 These experiments are the first evidence for LLPS in LSOC/AS.
The ESEM experiments were done at 275−278 K, a lower temperature than the STXM experiments and previous optical measurements.
12, 14 The ERH of AS particles has no temperature dependence in this temperature range 27 and the DRH of AS has a small decrease with increasing temperatures, however, all values were within the uncertainty of the measurement. 28 The lower temperature in the ESEM experiments may increase the viscosity of the organic phase which could impact the RH of the phase transitions. However, very little change in the RH of LLPS has been observed in mixed organic/AS particles between 275 and 290 K 29 and the RH of the transitions observed with ESEM were comparable to available previous optical measurements ( Table 1) .
The transitions from uniform particles (left most column) to particles with a gradient between a darker inner phase and a lighter outer phase (center column) indicate that ESEM can probe LLPS events in micrometer and submicrometer sized particles. With ESEM, LLPS is apparent when the contrast between the electron transparencies of the two phases is sufficiently large. This difference is easier to see in particles with larger organic fractions and in particles at lower RH which are smaller and have the organic phase distributed over a smaller area. Additional insight into the composition, morphology, and presence of LLPS at higher RH values can be gained with the complementary chemical imaging of STXM/NEXAFS. Figure 2 shows data from STXM/NEXAFS at the carbon K-edge for LSOC/AS 8:1 (a−c) and for HMMA/AS 1:1 OIR (d−f). Every image is a different particle; particles above the deliquescence point are in the first column, particles below the efflorescence point are in the last column, and particles slightly below the LLPS RH observed with ESEM (Table 1 ) are in the middle column. The top gray figures of each group (Figure 2a and d) are STXM images at 288.5 eV, which is a characteristic energy of the C 1s → π* transition for carboxyl groups. 23 The brighter areas in the particles correlate to areas with higher organic content. The set of figures directly below (Figures 2b and e) are singular value decomposition maps of the particles. Pixels colored green have spectra similar to the organic reference spectra and pixels colored blue have spectra similar to the inorganic reference spectra. The reference spectra are from the edge (organic dominated) and center (inorganic dominated) of an effloresced particle (Supporting Information Figure S1 ).
From the STXM data, all of the particles in the LSOC/AS and HMMA/AS samples had an inorganic inner phase and an organic outer phase at all relative humidity values (Figure 2b and e), even at very high RH conditions above the LLPS RH determined by ESEM. The STXM images suggest the RH of LLPS for HMMA/AS particles with sizes ∼1 μm is higher than the RH values reported so far in the literature for HMMA/AS ( Table 1 ). The STXM images (Figure 2a,b and d,e) indicate a concentration gradient across the radial dimension of the particles which is likely easier to observe in the micrometersized particles due to their larger surface area to volume ratio compared to the bulk/larger droplets. The SVD images ( Figure  2b and e) show that the concentration gradient has a relatively clear boundary, and we thus identify these as two separate phases. At higher RH conditions during the ESEM experiments, the electron transparencies of the two phases are not substantially different to provide enough contrast for ESEM imaging. Thus, LLPS is observed at lower RH with ESEM. Compared to ESEM and optical microscopy, spectromicroscopy techniques with chemical sensitivity, such as STXM/ NEXAFS, are uniquely suited to differentiate the two aqueous phases at RH values above the SRH determined with ESEM and optical microscopy ( Table 1) . Figure 2c and f show estimates of the percent thickness of inorganic (blue) and organic (green) in the outer phase (outer, darker circle) and inner phase (inner, lighter circle) for each particle. Radial scans for each particle were generated and each scan was divided into ten bins. The average ratio of organic: inorganic in the first three bins (inner phase) and the last three bins (outer phase) were used to calculate the percent thickness. The uncertainty in these thickness fractions is estimated to be around 5% (see Supporting Information for details). For all particles, the inner phase was dominated by ammonium sulfate. However, all of the particles had an absorption peak at 288.5 eV in all pixels of the particle, indicating the presence of organic. The organic in the center of the particles can be either in an organic phase that coats the particle, mixed in with the inorganic in the inner phase, or a combination of these two.
In the LSOC/AS 8:1 OIR particles above the efflorescence point (Figure 2c , left and middle column) the outer phase was dominated by organic components but still had ∼40% of the thickness as inorganic material. In contrast, the outer phase in the HMMA/AS 1:1 OIR particles above the efflorescence point (Figure 2f , left and middle column) had ∼70−80% of the thickness as inorganic material and only 20−30% of the thickness as organic constituents. The inorganic in these outer phases could be located underneath an organic coating, as unresolved aqueous AS inclusions, 14 and/or mixed in with the aqueous organic component.
For both samples, very little change in composition was observed between similarly sized particles at RH values above the deliquescence point (Figure 2 , left column) and particles just below the RH of LLPS (Figure 2, middle column) . Upon efflorescence, the mass fraction of AS in the outer phase decreased for both samples (Figure 2, right column) . This is consistent with the AS forming a crystalline phase in the center of the particle with an organic dominated outer phase. The small amount of inorganic remaining in the organic outer phase is likely small AS crystals that are either located in the outer phase or that are attached to the center crystal but underneath an organic coating.
3.2.2. Morphology and Size Effects. Figure 3 shows thickness maps of the inorganic (blue) and the mixed organic/inorganic phase (cyan) for two different sized LSOC/AS (a, b) and HMMA/AS (c, d) particles (water thickness not included). In particles with two immiscible phases, the lowest surface energy is reached when the liquid with the lower surface tension is on the surface. 30 The surface tension of the aqueous phase can be lowered when mixed with surfactants. However, here the phase with the lowest surface tension is expected to be the organic phase. 30 The composition of the mixed organic/inorganic phase was calculated using the percent thickness of organic to inorganic at the outer edge of the particle, which for LSOC/AS was 65% organic to 35% inorganic (Supporting InformationFigure S2). If the particles are core−shell, the X-rays would always be traveling through an unknown thickness of coating and, thus, the composition of the core could not be determined. For the thickness maps the inorganic phase was assumed to be pure (100%); organic content in this phase would decrease the calculated thickness of the mixed organic layer.
In Figure 3a and b, LSOC/AS particles display an inorganic dominant inner phase and a mixed organic/inorganic outer phase; the mixed organic outer phase is thicker around the base of the inner phase, extending onto the substrate. The larger particle with a diameter of around 2 μm displayed a distinct organic ring (Figure 3b ). The thicker calculated organic layer of this particle is consistent with a morphology where most of the organic phase has flowed down off the center of the particle forming a ring. This organic ring around the edge is consistent with ESEM results, which also showed a clear outer ring in the phase-separated particles. Since the relative thickness of the two phases has an estimated uncertainty of around 5% and the composition of the center inorganic phase cannot be determined (see previous paragraph) the morphology can be either core−shell with a very thin mixed organic coating or partially engulfed with the central inorganic phase exposed to the gas phase.
Thickness maps for HMMA/AS 1:1 OIR indicate a different morphology; the outer phase is a roughly uniform coating over the entire particle for both small and large particles (Figure 3c and d). Since the organic fraction is lower in these particles, the composition of the mixed organic phase was calculated based on the composition at the outer edge of the larger particle, which was about 50:50 (Supporting Information Figure S3) . The difference in morphology can also be seen in the STXM images where a larger contrast between the inner phase and outer phase is observed in the LSOC/AS particles (Figure 3a and b) compared to the HMMA/AS particles (Figure 3c and  d) . A thin, fairly uniform coating for HMMA/AS particles is consistent with the smaller changes observed with ESEM with decreasing RH; the transmitted electrons would pass through similar composition throughout the particle and any outer organic ring would be very thin and therefore hardly detectable.
The difference in morphology suggests differences in the physical characteristics of the two different organic solutions. The lack of a uniform thickness for the LSOC/AS particles on the substrate may in part be driven by interactions of the mixed organic phase with the inorganic phase or with the substrate. It also suggests that the aqueous organic phase in liquid−liquid phase-separated particles with characteristics similar to that of LSOC could potentially form partially engulfed structures in airborne particles. 30 However, work with levitated droplets 5, 30 and/or impacted aerosols after cycling 18, 19 are needed to understand the effect of the substrate on the observed morphologies for these particles.
Organic coatings on aqueous particles have been observed to decrease the reactive uptake of N 2 O 5 . 31, 32 The solubility, the diffusion rate through the organic phase, and the reaction rate constant for N 2 O 5 can all depend upon the composition and thickness of an outer organic phase in a particle with core−shell morphology. Thus, chemical imaging techniques such as STXM/NEXFS and ESEM, which can provide insights into the composition of the outer phase as well as some information on the morphology of impacted ambient aerosol particles, are powerful tools for the investigation of the impacts of LLPS on atmospheric chemistry.
3.2.3. PEG-400/AS. STXM/NEXAFS analysis of phase transitions in PEG 400/AS 8:1 OIR showed fully mixed particles at high RH and phase-separated particles at intermediate RH. The presence of a completely mixed particle at high RH as well as the RH values observed for phase transitions were very similar to previous observations for particles of the same composition.
14 Figure 4 shows STXM images on the left and thickness maps from linescans across representative particles at high RH (a) and intermediate RH (b) . At high RH, the particle has a uniform thickness of organic and inorganic components. At intermediate RH, the particle has two phases: a central phase that is dominated by inorganic and an outer phase that is dominated by organic. The outer phase has a composition (by thickness) of ∼70% PEG-400 and ∼30% AS. In contrast, the center of the particle has a composition (by thickness) of ∼10% PEG-400 and ∼90% AS (Supporting Information Figure S4 ). There is a large amount of organic in these particles, which resulted in donut like images in STXM (Figure 4b) where the brightest regions (where the organic is thickest) surround the inner phase, which has a low organic content. The morphology observed here for the phase separated particles is similar to the half sphere in a spherical calotte structure proposed by Ciobanu et al. 14 LLPS events were observed in micrometer-sized impacted LSOC/AS, HMMA/AS, and PEG-400/AS particles using the complementary spectromicroscopic techniques of ESEM and STXM/NEXAFS. The inhomogeneity at high RH observed with STXM for both HMMA/AS and LSOC/AS particles indicates that ESEM and optical methods show LLPS only when the difference in optical properties of the two phases is sufficiently high; chemical imaging techniques are necessary to investigate LLPS events at higher RH. Thus, ESEM provides measurements of DRH, ERH, and the RH at which LLPS is optically visible. Subsequent analysis by STXM/NEXAFS, in combination with an RH controlled in situ cell, provides further information on the composition of the phases, the morphology of the particles, and on the extent of mixing at high RH. These sample cases demonstrate that spectromicroscopic in situ techniques can be used to provide details on phase transitions and on the composition of the surface of impacted ambient aerosols throughout hygroscopic cycles.
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